Quality and uniformity in nonwoven fabrics is very important, especially when utilized for highly technical purposes. Therefore, the standards for uniformity of nonwovens are growing stricter in applications like filters and battery separators. Traditionally, uniformity evaluation for nonwovens has been the analysis of coefficient of variance (COV), which is often found to be insufficient for inspecting and identifying small defects in the fabric. This paper presents a novel technique based on image segmenting and watershed analysis to inspect defects in the nonwoven. The exact defect areas can be quantified and described through precise calculations. A number of defective nonwoven samples have been tested, showing the method's successful detection and quantification of defects. In addition, the size of investigated image does not appear to greatly affect the result of analysis. Based upon the inspiring findings above, the method should be applicable for on-line monitoring during nonwoven manufacture and promises to reduce manual inspection and costs.
Introduction
Inspection of uniformity is an important process for quality control in nonwovens and textile manufacturing. Manual inspection, a subjective, tedious, and time-consuming task, is traditionally employed to identify fabric defects. Due to the concerns of cost and efficiency, researches have developed inexpensive and rapid methods that have already been commonly adopted.
Nowadays, along with the rapid development in technology, image-based inspection has been widely employed for image processing and texture recognition on nonwovens and textiles. Applications include trash evaluation in cotton [23] , fiber characterization [20, 28] , blend irregularity in yarns [24] , pile-fiber distribution in sliver-knitted fabrics [4] , nonwoven structure characterization [3, 7, 11] , carpet texture evaluation [22, [25] [26] [27] , fabric testing [2, 5, 6, 8] , and fabric defect detection [1, 18, 21] .
Though studies on determining nonwoven characters such as fiber orientation distribution, uniformity, pore size measurement, and fiber diameter determination of nonwoven have been published [9, 10, [12] [13] [14] [15] [16] [17] 19] , few researchers have reported on the inspection of nonwoven defects. Manual inspection or gray-level intensity distribution of image is typical instance for mass distribution of nonwoven, and COV is used as a measurement for uniformity of nonwoven. The uniformity measurement can only roughly investigate nonwoven quality but is hard to locate exact defect areas with COV analysis. Many approaches for inspecting defects in woven fabrics, which have a regular pattern, are not suitable for nonwovens because of their irregular patterns.
Therefore, a fast and accurate defect detection system is needed to shorten the time for nonwoven inspection and reduce the need for human inspection. To achieve the goals, we applied the "Watershed Segmentation" approach to precisely identify the defects of nonwoven, as well as provide information for the nonwoven quality and defect areas. In addition, the result of defect inspection was not greatly influenced when the size of examined image changed. This paper has hopefully addressed the method in a comprehensible way and shows example analyses of defective nonwovens with this method. Moreover, the results were compared with the COV analysis to show the improved applicability of defect inspection for nonwovens.
An Image Analysis for Inspecting Nonwoven Defect

Method
Many prior approaches have employed the well-known gray-level intensity distribution of image as mass distribution of nonwoven and examined its uniformity by COV. However, COV only indicates the variation presented in the intensities, and is helpless for defect inspection purposes.
In this work, a nonwoven image is selected and is considered as a topographical surface such that different gray levels on the image represent "elevations" at those points, namely, the thickness of fabric. We can see "spots" which display as darker or brighter regions on the image. If the gray level of regions is out of the normal range, they can be considered as either "hills" (brighter/thicker regions), or "bottoms" (darker/thinner regions). The nonwoven images, therefore, can be split into regions as determined their elevation, those regions out of normal range are marked as defects in the nonwoven.
A "Watershed" determination is applied to the topographical representation of the nonwoven to determine the precise nature, size, shape and location of the defects. This paper will describe a Nonwoven Defect Detecting Method (NDDM) according to this idea. The process flow chart is shown in Figure1. 
Gradient Conversion of Image
According to the concept that the image is looked as topographical surface, we depict in Figure 2 a profile transferred from a gray level image where each pixel is described as a function (fx) of position (x). Region 1 and region 4 of fx in the Figure  2 are out of upper and bottom limits (or normal range), so they are both considered "too thick" and "too thin". However, as the texture of nonwoven is random, each region is hard to be divided exactly. For obtaining the well-defined region, the first step of NDDM operations is to detect edges between regions and draw them on an image which is defined as a "gradient image" here. The edge finding includes three steps, Gradient Conversion, Watershed Transformation and Region Splitting.
Figure 1 FLOW CHART FOR NDDM
Given that the nonwoven image f is describe as a function, then the first derivative in the direction x at point (x,y) may be approximated as:
Similarly the first derivative in the direction y is:
The absolute magnitude of the first derivative in the direction x and y can be combined and be used as gray level of the gradient image. The absolute magnitude is given by:
For instance, the middle (fx') and bottom (⏐fx'⏐) curves shown in Figure 2 are the magnitude of first derivative and absolute of fx'; the rising areas in ⏐fx'⏐ indicate edges between regions. Similarly, if the magnitude of ⏐f (x,y)⏐ is treated as the gray level of pixel in an image, then a gradient image can be drawn.
Figure 3(b) exhibits an example of gradient image converted from a gray-level image of defective nonwoven (Figure3 (a)).
Although the gradient image has specified the edges, it is still too wide to clearly divide the regions. Hence, these wide edges need to be further identified the exact edges for regions.
Watershed Transformation and Region Splitting
To get well-defined edges, we conducted Watershed Transformation which is a well-known method for spatial segmentation of image to split image into regions and find the "watersheds" (the exact edges). The Watershed Transformation in this paper includes two steps:
Sorting: In this step all the pixel locations are stored in a queue in the increasing order of the gray levels.
Flooding: From the sorting phase, all the pixel locations having the minimum gray level are known. Now one assumed that these minima connect pixels of lowest gray level belong to different catchment basins and one labeled them in the output image by accessing the pixel locations directly. Flooding is done starting from these labeled minima. Suppose these minima had gray level h, and then access the pixels at level h+1. Those pixels having already labeled neighbor in the
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Figure 2 AN ILLUSTRATION OF GRADIENT CONVERSION FROM A GRAY-LEVEL IMAGE.
The f x is a profile of the gray-level image, and the regions with greater and lower gray level indicate the thicker (Region 1) and thinner areas (Region 4). The fx' and ⏐fx'⏐ are curves with the magnitude of first derivative and absolute value of fx'; the rising areas in ⏐fx'⏐ indicate edges between regions. Since the edges are still too broad to clearly divide the regions, these wide edges need to further identify the exact edges (watersheds) for regions.
output image are put in the queue. Hence, the labeled catchment basins are extended by computing geodesic influence zones. At this stage it may be possible that at h+1 level, there are new catchment basins without labeled minima. The pixels of these new found catchment basins are labeled after then. The process continues until the highest gray level is scanned. In this process of flooding when two catchment basins try to overflow, watershed line is built between them thereby separating two catchment basins. For example, in Figure 4 , region e has the lowest gray level (h=1). This pixel is put in the queue. It forms a catchment basin and is labeled. In the next altitude (h=2), region a, c and g are found. None of them has labeled neighbor pixel. So a, c and g are given separate labels. In the next altitude (h=3), since h and i has already labeled neighbors, they are given the labels of g. At the same time other catchment basins are getting filled progressively. The catchment basins ac and ce are trying to cross over, so "watershed" is built to separate them. This continues until all the altitudes are scanned.
By employing the Watershed Transformation, the "wide edges" in the gradient image can be identified for getting the "well-defined edges" exactly. Figure 3(c) Splitting, the image of nonwoven can be split exactly to obtain the "well-defined regions".
Defect Determination
After the regions have been split, the defect determination can continue by inspecting the thickness of each region. As the defective regions are either thinner or thicker, the defect may be determined by the average gray-level of region (or called Region Average) which represents the thickness in the region-split image ( Figure 5) . If the Region Average is out of normal range, it can be identified as a defect. Suppose the image is split into several regions Ri, then the Region Average 
(B) WHERE WHITE LINES INDICATE THE WATERSHEDS (EDGES), (D) REGION-SPLIT IMAGE WHERE RED LINES ARE THE WATERSHED LINES PROJECTED FROM FIG.3 (C). EACH AREA SURROUNDED BY THE RED LINES INDI-CATES A REGION
The first step in the defect determination is to define the criterion which judges whether or not the region is a defect. However, the criterion may vary with nonwovens from different processes, so there is no universal standard. Each investigated nonwoven should to be compared to "standard nonwoven", as a control, which is a fabric without defects. Before examining the investigated nonwoven, we need to evaluate the g of each region based upon the standard nonwoven, and calculate the standard deviation of Region Averages (σ) and Standard Average (G) which is an average of all the g . The and G and σ are the defect-inspecting criterion and can be given by:
where N=numbers of region in standard nonwoven g =i th Region Average of standard nonwoven. standard deviation of Region Averages (σ) = (6)
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Figure 4 IMMERSION PROCESS IN WATERSHED ALGORITHM. THE "W" INDICATES THE WATERSHED
Next, the investigated nonwoven image is also segmented by the region splitting process to determine its Region Averages as illustrated in Figure 5 . The evaluated ??? and ??? of the standard nonwoven image are employed to inspect the defects in investigated nonwoven according to equation (7) and (8) . If the i th Region Average of investigated nonwoven g th is beyond the "normal range" between G-AEC*σ and Γ + ΑΕΧ * σ, the region will be considered as a defect and labeled "too thick" or "too thin". where the G is the sample average, g th is the i th Region Average of investigated image, σ is the standard deviation evaluated from standard nonwoven, and AEC is defined as allowable error coefficient in this study.
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Note that the AEC will influence the determination for defect. Improper AEC selection may result in mistakes in the defect inspection, so it should be decided carefully. For example, a higher AEC value may cause too loose a criterion and ignore some defects, this subject will be discussed in more detail later. To clearly explain the concept, Figure 6 shows an example that when the g th of investigated nonwoven exceeds the normal range, the region will be treated as a defect. The percentage of defective areas (or called Defective Percentage) will also be calculated and can be defined as following:
Defective Percentage (Def. %) = regions totalof area regionsdefect of area of sum *100% (9)
Defect Boundary Description and Regions Merger
After the defect determination of all regions in investigated image is done, the "defect boundaries", the edge of defective region, will be drawn to locate their position. We can merge Figure 7(a) is the standard image of Figure 3(a) ; then, the G and σ of Figure 7 (a) were evaluated by the NDDM method and were the defect-inspecting criterion for the investigated image (Figure 3(a) ). If the AEC=3 was taken, the defects could be delimited (Figure 7(c) ), and be merged after the Region Merger process for clear identification ( Figure 7(d) ).
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Material and Equipment
In this study, three kinds of standard and defective nonwoven produced with needle-punched, thermal calendered and spunbonded process were used (Figure 8 ). The defects in the defective nonwovens include tears, folds, and heavy spots. All images of samples were captured by a scanner with 300*300 pixels under a black background. 
Results and discussion
For comparing the accuracy of defect inspection, we evaluated the average and standard deviation of gray level by COV and NDDM methods as shown in Tables 2  and 3 . Generally, the value of COV (CV%) of a defective nonwoven is expected to be greater than the one of the standard nonwoven. However, Table 2 , the uniformity statistics of the nonwovens evaluated by COV method, shows the CV% of the defective nonwovens (14.14) is smaller than the one of standard nonwovens (15.23) in Sample C. This indicates that the uniformity examination by COV method might not be accurate.
By contrast, Table 3 shows the result that all the defective nonwovens have higher CV% than the standard nonwovens when evaluated by the NDDM method. It implies the CV% evaluated by NDDM may be a more accurate method to inspect the uniformity of nonwovens than the COV method.
As previously mentioned, the AEC value is an important factor, which influences the result of defect inspection, so it should be defined carefully. Suppose the standard nonwoven is a fabric without defect, thus the AEC value can be taken while the Def.% of standard nonwoven is zero. Figure 9 plots the relationship between Def.% of standard nonwovens and AEC, which shows the Def.% decreases while the AEC increases. The Def.% is almost zero when AEC reaches 3 in all samples, which indicates that n=3 is a good selection for AEC value for defect inspection.
This process is illustrated below. The G (180.5) and σ (7.6) were evaluated from the standard nonwoven of Sample A (see Table  3 ) and were used to determined its Def.% with given AEC value. Figure 10 displays the defect boundaries in standard nonwoven of Sample A with various AEC values and shows the Def.% is zero at AEC=3. Next, the defective nonwoven of Sample A will be inspected by the criterion of AEC=3, G = 180.5 and σ = 7.6 according to the Eq. (7) and Eq. (8) . In another word, if the g th of defective nonwoven is out of the normal range between 157.7 (G -AEC*σ and 203.3 (G +AEC*σ), the region will be treated as a defect. 
Figure 8 THE STANDARD (LEFT) AND DEFECTIVE (RIGHT) NONWOVENS
blue boundaries are the defects including the torn or and folded or heavy regions.
Image Size
In some image analyses, the size of image may vary and thus influence the result of analysis. To examine this point, we resized the images to investigate the influence of the size on the accuracy of defect inspection with the NDDM method. Table 4 details the Def.% of resized images, and the results exhibited little variation in defect inspection. In conclusion, the NDDM results were not greatly influenced by the size of image.
Conclusion
In this work, we developed the Nonwoven Defect Detecting Method (NDDM) by employing the Gradient Conversion and Watershed Transformations that segment the nonwoven images into several regions. The regions are further evaluated the Region Average. Based upon the concept of quality control, we successfully inspected the locations of defect and examined the Def.% in various nonwovens.
This method could reduce the need for human inspection and provide more efficient and accurate on-line monitoring. In addition, the approach offers a highly precise inspection and identifies the locations of defects. The results showed that the image size did not greatly affect the inspection of defects, which indicates that smaller image could be applied to accelerate inspecting speed when employed on on-line monitoring. 
